1. Introduction {#sec0005}
===============

Caveolae are specialized flask-shaped invaginations 50--100 nm in diameter within the plasma membrane ([@bib0240]). They are found in most mammalian cells, but are particularly abundant in terminally differentiated cells, such as adipocytes, endothelial cells, smooth muscle cells, and fibroblasts ([@bib0275]). Caveolae are highly enriched in cholesterol and glycosphingolipids and are characterized by the presence of caveolin proteins ([@bib0360]).

The caveolins are a family of 21--24 kDa integral membrane proteins that bind cholesterol and fatty acids and that also maintain the structure of caveolae ([@bib0115]). Three members of the caveolin family have been identified to date: caveolin-1 (Cav-1, previously named VIP-21), caveolin-2 (Cav-2), and caveolin-3 (Cav-3, previously named M-caveolin) ([@bib0385], [@bib0380]). Caveolin-1 was first identified as a principal protein component of caveolae membranes ([@bib0155]). Subsequently, caveolin-1 was found highly expressed in cells with abundant caveolae and caveolin-1 expression was also found necessary or sufficient to generate caveolae membranes ([@bib0145]). Caveolin-1 directly binds to cholesterol, employing the "cholesterol recognition amino acid consensus" sequence composed of residues 95--101 in the caveolin scaffolding domain (CSD). The cholesterol-binding capacity of caveolin-1 plays a key role in maintaining a stable balance of intracellular cholesterol, allowing caveolin-1 to act as a transporter that directs cholesterol efflux, selective uptake, and the delivery of newly synthesized cholesterol to the plasma membrane ([@bib0050]). The membrane binding and lipid raft interactions of synthetic peptides derived from the CSD of the caveolin-1 protein (caveolin-1 scaffolding domain peptide, SDP) have been investigated ([@bib0110], [@bib0015]).

Caveolin-1 clearly plays important roles in cholesterol transport, endocytosis, and signal transduction ([@bib0060]). It is thought to function as a scaffolding protein that organizes and concentrates cholesterol, glycosphingolipids, and caveolae-associated signaling molecules, such as endothelial nitric oxide synthase, H-ras, Src-like kinase, G proteins, Janus kinase (Jak), and signal transducer and activator of transcription (Stat) proteins, among others ([@bib0035], [@bib0135], [@bib0095], [@bib0305], [@bib0005], [@bib0045], [@bib0260]). Caveolae are known to act as organizing centers for immune-related signal transduction pathways, such as the Jak--Stat signaling pathway or the NFκB--IκB signaling pathway, etc. ([@bib0095], [@bib0075]). In mammals, the Jak--Stat signaling pathway functions in host defense against viral and bacterial infections ([@bib0165], [@bib0090]). The Jak--Stat signal transduction pathway is activated by a large number of cytokines and growth factors, including interferon (IFN)-α/β, IFN-γ, interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-10, and growth hormone (GH), among others ([@bib0120], [@bib0190], [@bib0070], [@bib0025], [@bib0285]). In mammalian cells, caveolin-1 protein has been reported to inhibit the Jak--Stat signaling pathway through direct interaction with Stat3 protein ([@bib0310]).

The mandarin fish, *Siniperca chuatsi* (Basilewsky), is widely cultured and has a relatively high market value in China ([@bib0200], [@bib0205]). However, outbreaks of disease caused by pathogenic parasites, bacteria, and viruses, especially the infectious spleen and kidney necrosis virus (ISKNV), now greatly threaten the aquaculture industry ([@bib0100], [@bib0390], [@bib0345]). For this reason, research is being conducted to understand the immune system of the mandarin fish. The primary structure and functional roles of caveolin-1 protein have been described in other vertebrates, such as humans, mice, sheep, rabbits, and frogs, etc. ([@bib0080], [@bib0290], [@bib0350], [@bib0170], [@bib0030]). However, the biological roles of caveolin-1 with respect to immune responses in fish are still not well understood.

In the current study, the molecular cloning, tissue-specific expression, and subcellular distribution of mandarin fish caveolin-1 were reported. A functional role for this protein in the poly(I:C)-induced Jak--Stat signal transduction pathway and in virus infection was also postulated.

2. Materials and methods {#sec0010}
========================

2.1. Experimental animal, cell and virus {#sec0015}
----------------------------------------

Healthy mandarin fish (weight ∼250 g) were obtained from a fish farm in Nan-Hai (Guangdong Province, China) and maintained for at least 2 weeks in aquaria at 28 °C. Freshly dissected tissues, including brain, fat tissue, heart, hemocytes, gills, intestines, liver, muscle, kidney, and spleen, were washed thoroughly with phosphate buffered saline (PBS) and immediately homogenized with thiourea lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS) containing protease inhibitor cocktail set III (Calbiochem, USA). Protein concentrations were quantified using the Bradford reagent (Bio-Rad, USA) and 100 μg of protein was analyzed by Western blotting.

Mandarin fish fry (MFF-1) cells were cultured in Dulbecco\'s modified Engle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 27 °C under a humidified atmosphere containing 5% CO~2~ ([@bib0040]). The ISKNV used in this study was originally isolated from diseased mandarin fish and maintained by our laboratory. For infection, MFF-1 cells were cultured in 25 cm^2^ flasks at 5 × 10^6^ cells overnight before further treatment. Each flask was inoculated with virus suspension (MOI = 10) and cells were harvested at various times (1, 2, 4, 8, 12, and 24 h), while the uninfected flask served as a negative control.

2.2. Molecular cloning and sequence analysis of mCav-1 {#sec0020}
------------------------------------------------------

Total RNA was extracted from MFF-1 cells using Trizol reagent (Invitrogen, USA) and reverse transcribed to cDNA as previously described ([@bib0085]). A cDNA fragment of mCav-1 was obtained by PCR amplification with degenerate primers mCav-1-F and mCav-1-R ([Table 1](#tbl0005){ref-type="table"} ), which were derived from conserved regions of known caveolin-1 sequences. The PCR fragment was subcloned into the pGEM-T Easy vector (Promega, USA) and selected clones were sequenced. Based on the obtained partial sequence of mCav-1, gene-specific primers were designed ([Table 1](#tbl0005){ref-type="table"}) and 3′/5′ RACE was performed using a GeneRacer Kit (Invitrogen, USA). The PCR products were gel-purified and subcloned into the pGEM-T Easy vector for DNA sequencing.Table 1Primers used for cloning mCav-1.Primer nameSequence (5′--3′)UsemCav-1-FAAGRTDGAYTTTGARGAYGTGATCGCmCav-1 partialmCav-1-RCASTGGATCTCGATYAGGTARCTCmCav-1 partial3′-mCav-1-F1TCTTCTTCGCCATCCTGTCCmCav-1 3′ RACE3′-mCav-1-F2CGTGCGTCAAGAGCTACCTAATCGAGATCmCav-1 3′ RACE5′-mCav-1-R1TCAGCAGCCGGTAGCACCmCav-1 5′ RACE5′-mCav-1-R2CCCTGCAGGCTCGGCGATCACmCav-1 5′ RACEMBP-mCav-1-FCG[GAATTC]{.ul}ACAGGAGGACTGAAGGACGATGCloned into expression vectorMBP-mCav-1-RGC[TCTAGA]{.ul}CTACACCTCCTTGGTCGTGCGCloned into expression vector[^2]

The cDNA sequence and deduced amino acid sequence of mCav-1 were analyzed using the BLAST program from NCBI and the Simple Modular Architecture Research Tool (SMART) program. Sequence alignments were performed using the ClustalX v1.83 program and edited with the GeneDoc v2.6 software ([@bib0365]).

2.3. Prokaryotic expression of mCav-1 and preparation of its polyclonal antibody {#sec0025}
--------------------------------------------------------------------------------

Based on the complete open reading frame sequence of mCav-1, a pair of primers (MBP-mCav-1-F and -R, [Table 1](#tbl0005){ref-type="table"}) was designed. The DNA fragment was amplified by PCR, digested with EcoR I and Xba I, and then inserted into the expression vector pMAL-C2X (New England Biolabs, UK), which expresses a maltose binding protein (MBP). The resultant plasmid, designated as pMAL-mCav-1, was transformed into the competent *E. coli BL21* strain. MBP and the mCav-1 fusion protein (named MBP-mCav-1) were expressed after induction with 0.1 mM IPTG for 4 h at 37 °C, and the supernatants of sonicated bacterial cells were analyzed by SDS-PAGE. In addition, as a control, the pMAL-C2X vector was also expressed and the MBP protein was purified. The MBP-mCav-1 protein was purified using an amylase affinity resin column (New England Biolabs, UK) and separated by SDS-PAGE gels, followed by collection of the single bands of MBP-mCav-1 protein (∼500 μg) from the gels. The MBP-mCav-1 protein bands were ground and mixed with 1 ml of complete Freund\'s adjuvant (Sigma, USA) and the mixture was subcutaneously injected into New Zealand white rabbits (Laboratory Animal Research Centre, Sun Yat-sen University, China) (designated Day 1). Booster immunizations of purified MBP-mCav-1 fusion protein in 1 ml of Freund\'s incomplete adjuvant (Sigma, USA) were given to each rabbit on days 14, 21, and 28. Four days after the last injection, rabbits were exsanguinated and antisera were collected. After titer determination by Western blot, the antiserum was stored at −80 °C.

2.4. Isolation of caveolae-enriched fractions from MFF-1 cells {#sec0030}
--------------------------------------------------------------

MFF-1 cells were treated with 2.0 mM methyl-β-cyclodextrin (MβCD, Sigma, USA), 50 μg/ml filipin III (Sigma, USA), and 50 μg/ml nystatin (Sigma, USA) for 60 min at 27 °C. Preparation of caveolae-enriched membrane fractions was performed as previously described ([@bib0320], [@bib0325]). Briefly, cells were washed twice with ice-cold PBS and scraped into 1 ml of 25 mM MES hydrate buffer (pH 6.5), containing 25 mM MES, 0.15 M NaCl, 5 mM EDTA, and 1% Triton X-100 (MBS) with protease inhibitors (10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM sodium orthovanadate, 10 mM NaF, 1 mM Pefabloc) and kept on ice for 30 min. The suspension was subjected to 10--15 strokes in a Dounce homogenizer and centrifuged for 10 min at 2000 ×  *g* at 4 °C to remove nuclei. Clarified postnuclear supernatants were combined with 90% (w/v) sucrose prepared in MBS, transferred to the bottom of a Beckman 12.5-ml ultracentrifuge tube, and overlaid gently with 6 ml of 35% and 3 ml of 5% sucrose, respectively. The resulting 5--40% discontinuous sucrose gradients were centrifuged for 18--20 h at 39,000 ×  *g* in a SW41 Beckman rotor at 4 °C in order to allow the separation of caveolae.

2.5. Western blot analysis {#sec0035}
--------------------------

Protein samples were separated by SDS-PAGE on either 12 or 15% gels and then transferred to nitrocellulose membranes (Whatman, USA). After blocking overnight at 4 °C in PBST (0.05% Tween-20 in PBS) containing 5% (w/v) milk power, the membranes were incubated with primary antibodies (mCav-1 antisera and anti-MBP antiserum diluted 1:2000 in blocking buffer) for 2 h at room temperature and then washed three times in PBST. After 60 min incubation with 1:5000 diluted AP-conjugated goat anti-mouse or HRP-conjugated goat anti-mouse antibodies, the membranes were rinsed three times with PBST. Immunosignals were detected by BCIP/NBT, or by enhanced chemiluminescence reagent (Pierce, USA) followed by exposure of polyvinylidene difluoride membranes to Hyperfilm (Amersham Biosciences, Piscataway, NJ, USA).

2.6. Indirect immunofluorescence assay (IFA) {#sec0040}
--------------------------------------------

Cells were attached to glass slides coated with [l]{.smallcaps}-lysine in a humidified chamber. Cell monolayers were rinsed with PBS and fixed with chilled 100% methanol at −20 °C for 5 min, and permeabilized with 0.05% Triton X-100 in PBS for 5 min. After 1 h incubation in a blocking buffer (PBS, 5% goat serum, and 1% BSA), the cells were reacted with antisera against mCav-1 (1:200 dilution with a blocking buffer) at 37 °C for 2 h. After washing five times with PBS for 5 min each wash, the cells were incubated with Alexa Fluor^®^-555 conjugated anti-mouse IgG (Invitrogen; 1:300 dilution in blocking buffer) at 37 °C for 45--60 min. As a control, fixed cells were incubated with mouse pre-immune serum instead of anti-mCav-1 antiserum. After staining with Hoechst 33342 (Invitrogen, USA), the glass coverslips were removed from the wells and observed with a laser scanning confocal microscope (Leica TCS-SP2, Germany).

2.7. mCav-1 scaffolding domain peptide (mSDP) and cell viability {#sec0045}
----------------------------------------------------------------

The mCav-1 scaffolding domain peptide (mSDP), corresponding to the full-length sequence (amino acids 85--104; DGVWKASFTTFTVTKYWCYR), was synthesized as a fusion peptide to the C terminus of the *Antennapedia* internalization sequence (RQIKIWFQNRRMKWKK) by standard fluorenylmethoxycarbonyl chemistry and analyzed by mass spectrometry to confirm purity by the Sangon Biological Engineering Technology & Service Co. Ltd (Shanghai, China). Before each experiment, desiccated peptides were weighed, dissolved in DMSO to 100 mM, and diluted to 1 mM with distilled water.

The cytotoxicity of mSDP was evaluated using the Cell Counting Kit (CCK-8, Beyotime, Jiangshu, China). In brief, 5 × 10^3^ MFF-1 cells per well were plated in a 96-well plate and incubated at 27 °C for 24 h, at which point the medium was replaced with fresh medium. Cells were then treated with the indicated concentrations of mSDP incubated at 27 °C for an additional 6 h. CCK-8 solution (10 μl) was added to each well, and cells were incubated for 1 h. The absorbance of each well was measured at 450 and 570 nm with an ELISA reader.

2.8. Effects of mSDP on the poly(I:C)-induced Jak--Stat signaling pathway {#sec0050}
-------------------------------------------------------------------------

MFF-1 cells were pretreated with mSDP (10 μM) for 30 min, and cells were incubated in medium with 0.1% DMSO as a control. Cell culture supernatants were replaced with DMEM medium supplemented with 10 μg/ml concentration of polyinosinic:polycytidylic acid \[poly(I:C), Sigma, USA\], and incubated in the presence of 10 μM mSDP or 0.1% DMSO. Cells were harvested by centrifugation at various times after treatment (2, 4, 6, 8, 12, 16, 24, 48, 72, 96, and 120 h). Total RNA was extracted and reverse transcribed to cDNA. The expression of the *Mx*, *IRF-1*, *SOCS1*, *SOCS3* genes were investigated by quantitative RT-PCR on a LightCycler (Roche Diagnostics, Switzerland) as previously described ([@bib0085]). β-Actin, a housekeeping gene, was used as a control. The expression levels of each transcript were normalized to β-actin expression. The real-time quantitative PCR data of target genes were analyzed using the Q-gene statistics add-in followed by unpaired sample *t*-test ([@bib0215]). Statistical significance was accepted at *p*  \< 0.01. All data were expressed as means ± standard deviations (SD).

2.9. Effects of mSDP on ISKNV infection {#sec0055}
---------------------------------------

Cells were plated in 48-well/6-well plates and grown to approximately 80% confluence at 27 °C. Cells were either untreated or pretreated for 1 h with various concentrations of mSDP. After treatment, the cells were infected with ISKNV for 4 h at 27 °C, in the presence of mSDP. Noninternalized viruses were removed by removing virus inocula and washing the cells with citrate buffer (40 mM sodium citrate, 10 mM KCl, 135 mM NaCl, pH 3.0) for 1 min at room temperature ([@bib0150]). Western blotting and immunofluorescence analysis for ISKNV membrane protein ORF101L expression were carried out at 72 h post-infection.

3. Results {#sec0060}
==========

3.1. Molecular characteristics of the full-length mCav-1 {#sec0065}
--------------------------------------------------------

The full-length cDNA sequence of mCav-1 cDNA was obtained by amplification with degenerate primers and RACE technology. BLAST homology analysis showed close matches of mCav-1 with caveolin-1 from other vertebrates. The complete sequence of mCav-1 cDNA was 707 bp and contained a 5′-UTR of 49 bp, followed by an open reading frame (ORF) of 546 bp encoding a predicted protein of 181 amino acid residues and a 3′-UTR of 112 bp, including 23 nucleotides of the polyadenylation tail. The full-length sequence of mCav-1 was deposited in GenBank under accession no. [FJ695596](ncbi-n:FJ695596), and the deduced amino acid sequence was determined ([Fig. 1](#fig0005){ref-type="fig"}A). Two potential translation start sites were observed within the N terminus of the mCav-1 gene, which indicated mCav-1 might occur as two isoforms (α- and β-isoforms). The SMART program results showed that the deduced amino acid sequences of mCav-1 shared similar architecture of vertebrate caveolin-1 proteins, but mCav-1 lacked a phosphorylation site (y14). Multiple amino acid alignments of mCav-1 with other known vertebrate caveolin-1 molecules revealed a significant homology with the other known caveolin-1 sequences present in the database. Bioinformation analysis showed that the deduced amino acid sequences of the mCav-1 share a similar architecture with vertebrate caveolin-1 proteins, including a N-end region, a signature motif (FEDVIAEP), a caveolin scaffolding domain, and a C-end region ([Fig. 1](#fig0005){ref-type="fig"}B). The mCav-1 had highest amino acid identity (above 90%) and similarity (above 95%) with caveolin-1 proteins from zebrafish (*Danio rerio*), pufferfish (*Tetraodon nigroviridis*), and fugu (*Takifugu rubripes*) compared with other vertebrate caveolin-1 proteins.Fig. 1(A) Nucleotide and deduced amino acid sequences of mandarin fish caveolin-1 (accession no. [FJ695596](ncbi-n:FJ695596)). The start and stop codon features are highlighted. The sequence of caveolin scaffolding domain (CSD) is boxed. (B) Multiple alignment of mCAV-1 with the currently known caveolin-1 proteins from mammals, birds, amphibians, and fish. The dashes in the amino acid sequences indicate gaps introduced to maximize alignment. Identical (\*) and similar (.) resides identified by the ClustalX v1.83 program are indicated. The N-end region, signature motif (FEDVIAEP), caveolin scaffolding domain, and C-end region are boxed.

3.2. Immunofluorescence and Western blot analysis of mCav-1 cellular distribution {#sec0070}
---------------------------------------------------------------------------------

The cellular distribution of mCav-1 protein in MFF-1 cells was determined by immunofluorescence and Western blot analysis ([Fig. 2](#fig0010){ref-type="fig"}A and B). The anti-mCav-1 antiserum used in our work was generated in New Zealand white rabbits by immunization with purified MBP-mCav-1 fusion protein. Fluorescence microscopy showed mCav-1 (red fluorescence) to be located in the plasma membrane and cytoplasm with dot distribution in MFF-1 cells, whereas mCav-1 was not observed in the nucleus (blue fluorescence) ([Fig. 2](#fig0010){ref-type="fig"}A). A detergent-free method for preparing cholesterol-enriched fractions from MFF-1 cells was used. Caveolae are resistant to nonionic detergents and could be extracted by ultracentrifugation in a sucrose gradient followed by 1% Triton X-100 treatment ([@bib0010]). The detergent-resistant membranes (DRMs) that are buoyant on low-density sucrose gradients have unique caveolae enriched with cholesterol, glycolipids, and caveolin proteins. Equal volume fractions of DRM and detergent-soluble membranes (DSMs) were separated by gel electrophoresis and subjected to Western blotting using anti-mCav-1 antiserum. As shown in [Fig. 2](#fig0010){ref-type="fig"}B, mCav-1 protein was detected in the DRM ([Fig. 2](#fig0010){ref-type="fig"}B, lanes 4--9) but was absent in the DSM ([Fig. 2](#fig0010){ref-type="fig"}B, lanes 10--12). These results were consistent with the typical distribution of caveolin-1 in mammalian cells ([@bib0250]). MβCD, fillipin III, or nystatin (which deplete or sequester membrane cholesterol) is employed to disrupt the caveolae structure ([@bib0055], [@bib0175], [@bib0180]). As shown in [Fig. 2](#fig0010){ref-type="fig"}C, the distribution of mCav-1 was altered and enriched in the DSM fractions ([Fig. 2](#fig0010){ref-type="fig"}C, lanes 10--12) when cells were treated with MβCD, filipin III, or nystatin, whereas in cells not treated with drugs, mCav-1 was found primarily in the DRM ([Fig. 2](#fig0010){ref-type="fig"}C, lanes 4--9). In addition, the electron micrographs show typical membrane invaginations found at the plasma membrane of MFF-1 cells ([Fig. 2](#fig0010){ref-type="fig"}D, arrows). These results suggested that the major subcellular location for mCav-1 was in caveolae.Fig. 2Subcellular distribution of mCav-1 protein in MFF-1 cells. (A) Immunofluorescence analysis of mCav-1 protein in MFF-1 cells. The red fluorescence was immunostained by anti-mCav-1 antiserum, and the blue fluorescence was immunostained by Hoechst 33342. Magnification: ×400. (B) Western blot analysis of mCav-1 protein. Cholesterol-rich fractions were isolated by 1% Triton X-100 treatment and ultracentrifugation in a sucrose gradient. After centrifugation, the total proteins in each fraction were separated by gel electrophoresis and immunoblotted with anti-mCav-1 antiserum. Lanes 1--12 are sucrose gradient fractions (top to bottom); lanes 4--9 are the DRM (detergent-resistant membrane) fractions (caveolae fragments); lanes 10--12 are the DSM (detergent-soluble membrane) fractions (cytoplasm fragments). (C) MβCD, filipin III, and nystatin altered the distribution of mCav-1 protein. Cells either were not treated or were incubated in the presence of MβCD, filipin III, or nystatin for 60 min before isolation of the cholesterol-rich fractions. Each fraction was immunoblotted with anti-mCav-1 antiserum. Lanes 1--12 are the sucrose gradients fractions (top to bottom); lanes 4--9 are the DRM fractions; lanes 10--12 are the DSM fractions; the last lane is lysate from MFF-1 cells before extraction of cholesterol-rich fractions. (D) Electron microscopy. Caveolae were identified and observed close to the plasma membrane in MFF-1 cells (arrows). Scale bars: 800 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.3. Immunoblotting analysis of the tissue-specific distributions of mCav-1 {#sec0075}
---------------------------------------------------------------------------

The most thorough analysis of tissue-specific expression of caveolin-1 has been conducted in mammals and amphibians ([@bib0295], [@bib0355], [@bib0265]). However, the tissue expression pattern of caveolin-1 has not yet been rigorously studied in fish. To establish the tissue-specific distribution of caveolin-1 protein in mandarin fish, we prepared extracts from a number of different tissues and used immunoblotting assays to compare the mCav-1 expression levels. Equal weights (∼100 μg) of each tissue were separated by gel electrophoresis and immunoblotted with anti-mCav-1 antiserum. As shown in [Fig. 3](#fig0015){ref-type="fig"} , mCav-1 protein had two isoforms (α- or β-isoform) that were detected in most tissues. This was different from expression of endogenous mCav-1 in MFF-1 cells, where only the α-isoform was detected. The α- or β-isoforms were expressed in the fat tissue, heart, gills, intestine, liver, skeletal muscle, kidney, and spleen, but were not detected in the brain or hemocytes. On a tissue weight basis, the levels of the α-isoform were generally higher than the levels of the β-isoform in fat tissue, heart, gills, and skeletal muscle. Consistent with the large numbers of invaginated caveolae in other vertebrate tissues, mCav-1 was prevalent in smooth muscle (e.g., intestine) and adipocytes (e.g., fat tissues). High levels of mCav-1 protein were also expressed in heart tissue, which appeared to contain as much as skeletal muscle. The highest level of mCav-1 was in the spleen, which, interestingly, is not considered to have large numbers of caveolae ([@bib0065]). The spleen, however, is an important immune organ of mandarin fish and was also the major target tissue for ISKNV ([@bib0105]), which suggested that mCav-1 might be involved in immune function.Fig. 3Western blot analyses of the tissue-specific distribution of caveolin protein in mandarin fish. Protein lysates from the indicated tissues of healthy mandarin fish were prepared and 100 μg was subjected to SDS-PAGE and immunoblot analysis using anti-mCav-1 antiserum. β-Actin was employed an internal control protein.

3.4. Poly(I:C)-induced Jak--Stat signaling pathway was impaired by mSDP {#sec0080}
-----------------------------------------------------------------------

To determine whether caveolin-1 protein regulates the Jak--Stat signal transduction pathway of fish immune systems, the effects of the mCav-1 scaffolding domain peptide on the Jak--Stat signaling pathway were measured in MFF-1 cells. A real-time PCR was performed to analyze the expression of *Mx*, *IRF-1*, *SOCS1*, and *SOCS3* genes involved in the poly(I:C)-induced Jak--Stat at different time intervals ([@bib0085]). As shown in [Fig. 4](#fig0020){ref-type="fig"} , the *mMx*, *mIRF-1*, *mSOCS1*, and *mSOCS3* genes were significantly induced by poly(I:C) post-stimulation of MFF-1 cells ([Fig. 4](#fig0020){ref-type="fig"}, black columns, as positive controls), compared to the untreated controls (0 h). However, when cells were treated with mSDP and poly(I:C), expression of the *mMx*, *mIRF-1*, *mSOCS1*, and *mSOCS3* genes was significantly lower than those in the positive groups ([Fig. 4](#fig0020){ref-type="fig"}, gray columns, *p*  \< 0.01). For instance, expression of the *mMx* gene was markedly increased ∼350-fold by treatment of the cells with poly(I:C) for 8--12 h, compared to the untreated controls (0 h), while the expression of the *mMx* gene was increased ∼180-fold and noticeably decreased by treatment of the cells with poly(I:C) and mSDP (*p*  \< 0.01). These results revealed that the poly(I:C)-induced Jak--Stat signal transduction pathway was impaired by the mCav-1 scaffolding domain peptide in MFF-1 cells.Fig. 4Time-course expressions of four genes involved in the Jak--Stat signal transduction pathway for different time intervals in MFF-1 cells stimulated by poly(I:C): (A) *mMx*, (B) *mIRF-1*, (C) *mSOCS1*, and (D) *mSOCS3*. After incubation with 10 μM mSDP or 1% DMSO (as a control) for 60 min, cells were treated with 10 μg/ml poly(I:C) stimulation and incubated in the presence of mSDP/DMSO for 2--120 h prior to RNA isolation. The relative expression of each gene was determined by real-time PCR. β-Actin was amplified from the same RNA samples as a control. The basal expression level of each gene (0 h) was arbitrarily set as 1. All data were analyzed by the Q-gene statistics add-in followed by unpaired sample *t*-tests. Error bars represent the means ± SD (*n* = 3). \**p* \< 0.05, \*\**p* \< 0.01.

3.5. mCav-1 protein levels were up-regulated in MFF-1 cells infectious with ISKNV {#sec0085}
---------------------------------------------------------------------------------

To determine whether mCav-1 was involved in host responses to viral infection, the levels of mCav-1 protein were measured after MFF-1 cells were infected with ISKNV. Cells were harvested and lysed at 1, 2, 4, 8, 12, and 24 h after infection with ISKNV (MOI = 10). The same amounts of total protein were separated by gel electrophoresis and immunoblotted with anti-mCav-1 antiserum. Endogenous β-tubulin was included as an internal loading control for the Western blots, using monoclonal antibodies (MAbs) against β-tubulin (Epitomic Inc.). As shown in [Fig. 5](#fig0025){ref-type="fig"}A, the mCav-1 protein was detected in all samples, and the levels of mCav-1 protein showed no obvious variation at 1--8 h after infection with virus when compared to uninfected (mock) samples. However, the mCav-1 protein levels were clearly up-regulated at 12 h and 24 h after virus infection. The densitometric analysis of mCav-1 expressions showed that the mCav-1 protein was significantly increased at 12 h (∼2.8-folds, *p*  \< 0.05) and 24 h (∼4.6-folds, *p*  \< 0.01) after ISKNV infection ([Fig. 5](#fig0025){ref-type="fig"}B). These data suggested that mCav-1 protein might involve in the ISKNV infection.Fig. 5(A) Western blotting analysis of mCav-1 expression. Cell extracts were harvested at 1, 2, 4, 8, 12, and 24 h after infection with ISKNV (MOI = 10). The same amounts of total protein (80 μg) were immunoblotted with anti-mCav-1 antiserum. β-Tubulin was used as an internal control protein. The uninfected control sample is marked as Mock. (B) Densitometric analysis of mCav-1 expression. The densitometric measurements of mCav-1 proteins are normalized to the β-tubulin protein detected and expressed as a percentage of the average values measured in the mock group. Data are represented as the mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01.

3.6. ISKNV infection with MFF-1 cells was inhibited by mSDP {#sec0090}
-----------------------------------------------------------

In order to determine the mSDP involved in the ISKNV infection, the cytotoxicity of mSDP was evaluated using the CCK-8. The results showed that cell viability was not significant changed when cells were treated with 10 μM mSDP compared to the control cells ([Fig. 6](#fig0030){ref-type="fig"}A). The entry of ISKNV into MFF-1 cells and its potential association with mCav-1 were examined in cells treated with mSDP and then infected with ISKNV virus. Infections were scored by measuring expression of the ISKNV membrane protein ORF101L using immunofluorescence staining. As shown in [Fig. 6](#fig0030){ref-type="fig"}A, mSDP concentrations higher than 1 μM significantly inhibited ISKNV entry into cells and the inhibition was dose-dependent. Treatment with 5, 10, 20, and 30 μM mSDP significantly inhibited ISKNV infection by 75, 90, 95, and 98%, respectively, compared to the untreated control (0 μM mSDP). Similar inhibitory effects were also observed by Western blotting. As shown in [Fig. 6](#fig0030){ref-type="fig"}B, the ORF101L protein levels were significantly reduced when cells were treated with 5, 10, and 25 μM mSDP, compared to the untreated control (0 μM). The expression of ORF101L was almost undetectable when cells were treated with 25 μM mSDP. These results suggested that ISKNV infection was associated with mCav-1 protein, and that viral entry may involve the caveolae-related endocytosis pathway.Fig. 6Effects of mCav-1 scaffolding domain peptide (mSDP) on TFV infection. (A) mSDP effects on ISKNV infection as measured by immunofluorescence staining analysis. Cells were pretreated for 1 h with various concentrations of mSDP, as indicated, or without treatment (0 mM, as a positive control), and incubated with virus for 4 h in presence of mSDP. After 72 h incubation, cells were fixed and processed for immunofluorescence staining with rabbit polyclonal antiserum against ORF100L. Viral infections were quantified as the percentage of positive cells relative to the number of untreated control cells. The viral infectivity of cells untreated with reagents (as positive control) was arbitrarily set as 100%. The data shown are the means and standard deviations of the results from independent experiments. \**p* \< 0.05, \*\**p* \< 0.01. The cytotoxicity of mSDP was evaluated using the (CCK-8). MFF-1 cells were plated in a 96-well plate and incubated at 27 °C for 24 h, at which point the medium was replaced with fresh medium. Cells were then treated with the indicated concentrations of mSDP incubated at 27 °C for an additional 6 h. CCK-8 solution was added to each well, and cells were incubated for 1 h. The absorbance of each well was measured at 450 and 570 nm with an ELISA reader. Absorbance at 570 nm was subtracted from absorbance at 450 nm. Data represents percent cell growth relative to cells treated with control cells for each sample concentration. (B) Effect of mSDP on ISKNV infection determined by Western blot analysis. Cells were treated with mSDP as described above. After 72 h incubation, cells were lysed and processed for Western blot analysis of ORF101L proteins with rabbit polyclonal serum. Endogenous β-tubulin was included as an internal loading control for the Western blot. Lane "+" indicates the control cells untreated with mSDP, and lane "−" indicates the negative controls without ISKNV infection. The concentrations of mSDP are indicated.

4. Discussion {#sec0095}
=============

In the present study, we reported the cloning and characterization of mandarin fish caveolin-1 (mCav-1), and studied the potential roles of mCav-1 in the fish Jak--Stat signaling pathway and in ISKNV infection.

The cDNA sequence of mCav-1 was 707 bp in size, encoding a protein of 181 amino acids, which is different from that of mammals (178 amino acids). Bioinformatics analysis showed that the deduced amino acid sequences of mCav-1 shared a similar architecture with vertebrate caveolin-1 proteins and had a high identity score with the caveolin-1 from zebrafish, fugu, and pufferfish. In mammals, Tyr14 phosphorylation has emerged recently as a major switch that controls caveolin-1 physiological function in response to extracellular signal molecules and cell stressors such as insulin, IGF-I, EGF, VEGF, PDGF, IL-6, oxidants, hyperosmolarity, and UV irradiation, among others ([@bib0050]). One interesting feature that distinguished the caveolin-1 proteins from mandarin fish from those of zebrafish and humans was that caveolin-1 proteins from mandarin fish, fugu, and pufferfish lacked a Tyr-14 residue ([Fig. 1](#fig0005){ref-type="fig"}B). In addition, we also found that caveolin-1 proteins from mandarin fish, fugu, and pufferfish lacked a reduced Tyr within the first 1--25 amino acids. This indicated that caveolin-1 protein from these three fish did not undergo Tyr14 phosphorylation. Further research is needed to determine whether mCav-1 has mechanisms other than the Tyr14 phosphorylation typical of zebrafish and mammalian caveolin-1 to activate associated-signal events. Our findings may provide a better understanding of the evolution of caveolae-associated molecules and signaling pathways in fish.

In mammalian cells, the major subcellular location of caveolin-1 is at the plasma membrane, which is a defining feature of caveolae. In the present paper, the major subcellular location of mCav-1 was detected in the caveolae ([Fig. 2](#fig0010){ref-type="fig"}), suggesting that mCav-1 plays its major functional roles there. Caveolae act as organizing centers for signaling molecules in the immune system ([@bib0095]), such as the Jak--Stat signal transduction pathway. The important signal molecules of this pathway, the Jak and Stat proteins, have been found in caveolae and directly interact with caveolin-1 protein to inhibit the Jak--Stat signaling pathway ([@bib0140], [@bib0245], [@bib0310], [@bib0125]). The Jak--Stat transduction pathway plays a critical role in host defenses against viral and bacterial infections and is involved in fish immune system function ([@bib0085]). However, the biological roles of caveolin-1 in fish immune responses are still not well understood, including those of the Jak--Stat signal transduction pathway.

In the present study, the effects of caveolin-1 on the Jak--Stat signal transduction pathway were measured in MFF-1 cells by mSDP inhibition. The coupling of molecules to a 16-amino-acid peptide corresponding to the homeodomain of the Drosophila transcription factor *Antennapedia* (AP) is well known to facilitate their uptake into cultured mammalian cells through a non-endocytosis pathway ([@bib0255], [@bib0235], [@bib0130]). Accordingly, coupling of the Cav-1 scaffolding domain to the AP peptide (Cav-1 SDP) was recently shown to facilitate its translocation across the cell membranes and to inhibit signal transduction pathways ([@bib0330]). Our current results showed that the poly(I:C)-induced Jak--Stat signal transduction pathway strongly induced the expression of *Mx*, *IRF-1*, *SOCS1*, and *SOCS3* genes in MFF-1 cells ([Fig. 4](#fig0020){ref-type="fig"}), which was consistent with previously reported observations ([@bib0085]). However, this enhanced gene expression was significantly impaired by the presence of the mCav-1 scaffolding domain peptide in MFF-1 cells ([Fig. 4](#fig0020){ref-type="fig"}). These data suggested that one of the functional roles of mCav-1 protein is participation in the Jak--Stat signaling pathway, which is similar to the known role of mammalian caveolin-1. The caveolin-1 scaffolding domain inhibits many of the signal molecules in mammalian cells, such as the endothelial nitric oxide synthase, protein kinase A, thioredoxin reductase 1, transient receptor potential channel-1, etc. ([@bib0300], [@bib0020], [@bib0160], [@bib0185]). For this reason, we suggest that caveolae might also act as organizing centers for signaling molecules in the fish immune system.

We found that the expression of mCav-1 protein was clearly increased at 12 h and 24 h in the MFF-1 cells infected with ISKNV ([Fig. 5](#fig0025){ref-type="fig"}). The mCav-1 protein may therefore play a key role in virus infection. Every virus infection begins with entry of the virus into the host cell. Virus entry is a multi-stage process involving the specific attachment of the virus particle to cell surface receptor(s), followed by internalization of the virus into the cell and subsequent uncoating of the virion to release the capsids or their contents into the cytoplasm ([@bib0280]). Each of these stages represents an important target for combating a virus before it can gain control over the host cell machinery for replication ([@bib0270]). In general, a number of different endocytosis pathway for viruses have been characterized, such as clathrin-mediated endocytosis, caveola-mediated endocytosis, macropinocytosis, etc. ([@bib0370]). Unlike other forms of endocytosis, caveolin-1 is necessary for caveola-dependent endocytosis, as shown by caveolin-1 siRNA experiments or overexpression of caveolin-1 ([@bib0220]). In our work, ISKNV entry into MFF-1 cells was inhibited when cells were treated with mSDP ([Fig. 6](#fig0030){ref-type="fig"}). This result indicated that ISKNV entry into MFF-1 cells was associated with caveolae/caveolin-1, and may occur via a caveola-dependent endocytosis pathway. Caveola-dependent endocytosis pathway has been demonstrated for many viruses, such as enterovirus ([@bib0335]), coronavirus 229E ([@bib0225]), and foot-and-mouth disease virus ([@bib0230]), etc. Thus, the entry of ISKNV into MFF-1 cells appears to occur via a caveola-dependent endocytosis pathway.

Our research on the function of caveolin-1 aids in understanding the complex signal transduction network that operates in the fish immune system. As well, the cellular entry mechanism of iridoviruses during infection in fish also provides valuable information regarding development of new and effective antiviral targets.
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